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RESEARCH MEMORANDUM 

EXPERIMENTAL INVESTIGATION OF EFFECTS OF COMBUSTION-CHA MBER 
LENGTH AND INLET TOTAL TEM PERATURE, TOTAL PRESSURE , 

AND VELOCITY ON AFTERBURNER PERFORMANCE 
By Charles R. King 


SUMMARY 

The effects of afterburner- inlet total temperature , total pressure, 
velocity, fuel-air ratio, and afterburner combust ion -chamber length on 
afterburner performance and stability limits were investigated using a 
25. 75- inch-diameter cylindrical afterburner installed in a duct test rig. 
This afterburner is typical of current high-performance V-gutter-type 
afterburners without internal cooling liners. The range of afterburner- 
inlet conditions investigated was as follows: total temperature, 1260° 

to 1860° R; total pressure, 750 to 1800 pounds per square foot absolute; 
velocity, 400 to 650 feet per second; and afterburner fuel-air ratio, 
lean blowout to higher than stoichiometric. The afterburner combustion- 
chamber length was varied in 12-inch increments from 30 to 66 inches. 

Each of the parameters had a marked effect on combustion efficiency 
within the range of conditions investigated. For example, changing the 
afterburner combust ion- chamber length from 30 to 66 inches produced large 
increases in combustion efficiency (from a min. increase of 22 percentage 
points to a max. increase of 42 percentage points), and changing the 
afterburner- inlet total temperature from 1260° to 1860° R increased the 
efficiency as little as 4 and as much as 27 percentage points. The vari- 
ation in efficiency produced by changing pressure and velocity was some- 
what less than that for changes in temperature and length but still 
significant . 

For most conditions investigated, the lean blowout fuel-air ratio 
of the afterburner was reduced by increasing the afterburner- inlet total 
pressure and total temperature or by decreasing the afterburner- inlet 
velocity . 

The afterburner total-pressure-loss coefficient was essentially un- 
affected by changes in the afterburner- inlet total temperature and pres- 
sure and only slightly affected by velocity. The total-pressure-loss 
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coefficient increased as the afterburner temperature ratio increased, 
and a minimum value was obtained with variations in afterburner 
combust ion -chamber length. As afterburner temperature ratio and velocity 
increased, there was a decrease in the length at which the pressure-loss 
coefficient reached a minimum, the major effect being that of temper- 
ature ratio. 

High-frequency combustion instabilities were encountered more fre- 
quently as the afterburner combustion- chamber length and afterburner- 
inlet total pressure were increased and were absent entirely for the 
30- inch afterburner combustion chamber. Low-frequency combustion insta- 
bilities occurred more frequently as the afterburner- inlet total pres- 
sure was increased and the afterburner length was decreased and were 
absent entirely for an afterburner combust ion- chamber length of 66 
inches . 


INTRODUCTION 

High-performance afterburners and afterburner components have been 
developed and investigated for specific turbojet engines and operating 
conditions for many years . As a result of these investigations (the re- 
sults of many of which are summarized in ref. l), much data are available 
on the performance of these specific afterburners or components for spe- 
cific sets of operating conditions . In addition to these data, other 
performance data show the effect of combustion-chamber length (refs. 2 
to 4), pressure and velocity (refs. 3 to 9), and other variables on 
afterburner performance. However, a systematic evaluation of the indi- 
vidual effects of afterburner-inlet conditions and length on afterburner 
performance has not been made heretofore on a single afterburner config- 
uration, making it impossible to evaluate completely the individual ef- 
fects of inlet conditions and length on afterburner performance. 

This investigation, conducted on a high-performance afterburner 
configuration (representative of current medium- to high-fuel-air-ratio 
designs), determines systematically the individual effects of 
afterburner- inlet total temperature, total pressure, and velocity, and 
combustion-chamber length on afterburner performance and operating limits. 
The investigation was conducted in a large-scale afterburner test rig at 
the NACA Lewis laboratory to determine the effect of these variables on 
combustion efficiency (for three afterburner fuel-air ratios), combustion- 
chamber pressure-loss coefficient, lean blowout limits, and combustion 
instabilities. The range of each of the afterburner- inlet variables in- 
vestigated is as follows: total temperature, 1260° to 1860° R; total 

pressure, 750 to 1800 pounds per square foot absolute; velocity, 400 to 
650 feet per second; afterburner fuel-air ratio, lean blowout to higher 
than stoichiometric; and combust ion- chamber length (defined as the dis- 
tance from the flameholder trailing edge to the effective nozzle throat), 
30 to 66 inches. 



MCA EM E57C07 


3 



APPARATUS 

Installation 

The general arrangement of the afterburner test rig and the after- 
burner is shown in figure 1. As shown in figure l(a), the combustion 
air first enters a preheater (consisting of eight J35 combustor cans 
simulating a turbojet-engine primary combustion system), where it is 
heated from approximately 540° R to the desired afterburner- inlet temper- 
ature . The heated gas then passes from the preheater into a mixing 
chamber, which provides a uniform temperature profile at the diffuser 
inlet. A 44-percent -blockage screen was installed at the diffuser inlet 
to provide a uniform diffuser- inlet velocity profile and a means of meas- 
uring airflow through the af terbumer . After passing through the screen, 
the gas enters the diffuser, which is made up of a conical outer shell 
and a formed innerbody supported hy four streamlined struts located 90° 
apart. The flow passage through the diffuser was designed to provide a 
linear area increase with increasing diffuser length up to the discharge 
end of the blunt innerbody. This diffuser design provides a nearly flat 
pressure and velocity profile at the afterburner inlet (diffuser exit). 
After leaving the diffuser, the gas passes through the afterburner com- 
bustion chamber and the exhaust nozzle and then is discharged into the 
exhaust system. 

The details of the afterburner are shown schematically in figure 
l(b). The afterburner had an inside diameter of 25.75 inches. The 
afterburner combustion-chamber length was varied from 30 to 66 inches 
by inserting cylindrical spool pieces between the flameholder and the 
exhaust nozzle. The fuel-air mixture was ignited with a torch ignitor. 

An external shroud was provided for cooling the afterburner shell (no 
internal cooling liner used). The cooling air passing through the shroud 
was saturated with water sprayed into the air at the shroud cooling-air 
inlet . 

Details of the fuel- inject ion system (incorporating some of the de- 
sirable features of the fuel system described in refs . 8 and 10 ) are 
shown in figure 2. Twenty-four spray bars attached to a single manifold 
and equally spaced circumferentially in the diffuser section of the 
afterburner were located 30.5 inches upstream of the flameholder. Each 
spray bar contained seven fuel orifices, four on one side and three on 
the other. These orifices were 0.031 inch in diameter and injected fuel 
normal to the direction of the airflow. The spray bars were flattened 
to reduce the pressure loss, and the orifices were positioned radially 
to produce a uniform radial fuel-air distribution at the diffuser exit. 

The flameholder (fig. 3) was a conventional two-V-gutter-type flame- 
holder (similar to those designed for high performance presented in 
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refs. 4, 5, and 7). The flameholder was mounted in a spool piece lo- 
cated at the diffuser exit . This spool piece also contained a quartz 
window used for observing blowouts . 

The variable-area exhaust nozzle (fig. 4) consisted of a water- 
cooled butterfly valve, which allowed the effective flow area of the 
exhaust-nozzle throat to be varied from approximately 1.77 to 3.05 
square feet. The variable-area nozzle is discussed in appendix A. 


Instrumentation 

Instrumentation stations for the measurement of temperatures and 
pressures throughout the afterburner are shown in figure l(b) . (All 
symbols and stations are defined in appendix B.) Pressures were meas- 
ured on mercuiy-filled manometers and recorded photographically. Tem- 
peratures were measured with thermocouples and recorded on self- 
balancing potentiometers . Fuel flows were measured with calibrated ro- 
tameters. The details of the instrumentation at each station are shown 
in figure 5. 

The locations of the four probes used to measure the total pressure 
at station 3 are shown in figure 5(a). The locations of the instrumen- 
tation used to measure static and total pressures at station 4 (down- 
stream of the airflow measuring screen) are shown in figure 5(b). Ther- 
mocouples located as shown in figure 5(c) were used to determine the 
afterburner- inlet total temperature at station 5. The instrumentation 
at station 7, located as shown in figure 5(d), was used to calculate 
the afterburner- inlet total pressure and velocity. Fuel-air-ratio sur- 
veys at station 7 were made using an NACA fuel-air-ratio analyzer and 
a traversing probe as described in reference 10 . 

Pairs of differential pressure orifices (located at station 8) for 
detecting high-frequency combustion instabilities (described in ref. 11 ) 
were arranged as shown in figure 5(e). The principle of operation of 
these orifices is, briefly, as follows: For each orifice, the flow co- 

efficient is considerably higher when the gas flows into rather than 
out of the chamfered side. Inasmuch as the orifices making up a pair 
are oppositely oriented, their installation in a fluctuating pressure 
field results in a pressure differential across a U-tube manometer con- 
nected to the orifices. This pressure differential was used as the 
indication of the presence of high-frequency combustion instabilities 
in the afterburner. 

The very-low-frequency combustion instabilities were sensed by the 
conventional pressure rakes installed in the afterburner and resulted 
in fluctuations in the indicated pressures on the manometer boards . 

These instabilities were also audible to the facility operator. 
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The instrumentation located as shown in figure 5(f) was used to 
measure the total pressure at the exhaust -nozzle inlet (station ll). A 
total-pressure probe was used to determine the pressure loss through 
the exhaust nozzle at station 12 (fig. 5(g)). The skin thermocouples 
shown in this figure were used to determine the thermal expansion of 
the nozzle shell, because the flow area at this station was used in the 
computation of the afterburner combustion temperature. 


PROCEDURE 

The operating procedure for obtaining data was as follows: The 

afterburner was ignited, the afterburner- inlet flow conditions were set, 
and then the fuel-air ratio was varied while holding the afterburner- 
inlet conditions constant by adjusting the exhaust-nozzle area. Just 
prior to taking each data point, the pressure in the external cooling 
passage was adjusted so as to be equal to the pressure inside the after- 
burner, thus reducing leakage through the flanges of the afterburner 
spool pieces to a minimum. A cold point (nonafterburning) was taken for 
each combination of conditions to evaluate the nonafterburning pressure 
losses in the afterburner. 

Data were obtained for afterburner lengths of 30 , 42 , 54, and 66 
inches over the following range of afterburner- inlet conditions: 


Total temperature, °R 1260 to 1860 

Total pressure, lb/sq ft abs 750 to 1800 

Velocity, ft /sec 400 to 650 

Afterburner fuel- air ratio Lean blowout to 

higher than 
stoichiometric 


Stability limits were determined by observation of the flame ex- 
tinction through the quartz window in the afterburner shell and by the 
change in afterburner pressure drop at the instant of blowout. Blowouts 
were approached very slowly by gradually changing the fuel flow and the 
nozzle area, the values of which were recorded at the instant of blowout. 

Radial fuel-air-ratio surveys were made at various circumferential 
positions at station 7 both at the beginning and near the end of this 
investigation. The sampling probe radially traversed a path ranging 
from l/4 inch from the shell to 2 inches from the afterburner center- 
line. These surveys were made during afterburner operation. 

The airflow was determined from the measured total. -pressure drop 
across the diffuser- inlet screen calibrated against a series of fixed- 
area exhaust nozzles for each afterburner- inlet temperature investi- 
gated. The afterburner- inlet velocity was determined from the wall 
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static-pressure and stream total-pressure measurements at station 7 (no 
measurable difference existed between the wall and stream static pres- 
sures at this station). The exhaust-nozzle-exit total pressure was de- 
termined from pressures measured at stations 11 (exhaust -nozzle inlet) 
and 12 (exhaust-nozzle exit) as described in detail in appendix A. The 
afterburner combustion temperature was computed from the effective area 
of the exhaust-nozzle throat, the exhaust -nozzle-exit total pressure, 
the afterburner gas flow, and the assumption of a Mach number of 1.0 
across the effective area of the nozzle throat. Combustion efficiency 
was computed as the ratio of actual afterburner temperature rise to the 
ideal theoretical afterburner temperature rise. Details of these com- 
putations are given in appendix C. 

The fuel used for this investigation was MIL-F-5624A, grade JP-4, 
which has a heating value of 18,725 Btu per pound and a hydrogen-carbon 
ratio of 0.172. 


TYPICAL AFTERBURNER PROFILES AND VARIATIONS 
IN AFTERBURNER PARAMETERS 

Data plots are presented in order to show the typical profiles 
existing at the afterburner and nozzle inlets (figs. 6 and 7) and to 
give an indication of the experimental variations in the afterburner 
parameters (fig. 8). 


Typical Afterburner Profiles 

Inlet gas temperature . - Typical profiles of gas temperature at 
the afterburner inlet (measured at station 5) are shown in figure 6(a) 
for three different afterburner- inlet velocities at an afterburner- inlet 
total temperature of 1660° R and a total pressure of 1270 pounds per 
square foot absolute, (it was assumed that no change in temperature 
occurred between station 5 and the afterburner inlet.) The profiles 
at each rake location for each velocity were relatively uniform, with a 
slight drop near the diffuser innerbody, and fell within a 110° band in 
temperature . 

Inlet velocity . - Afterburner- inlet (station 7) velocity profiles 
are shown in figure 6(b) for the same conditions as for the gas temper- 
ature profiles with the addition of two nonafterbuming runs . These 
profiles were obtained for average afterburner- inlet velocities from 
approximately 400 to 600 feet per second, (it was assumed that the fuel 
sprayed ahead of these rakes had no effect on the pressures measured by 
the rakes.) In general, the velocity profiles had the same shape for 
each velocity level for both the afterburning and nonafterbuming 
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operating conditions. The curves indicate that the velocity was fairly 
uniform across the afterburner inlet except near the wall and at the 
end of the blunt innerbody. The difference in the velocity profile from 
one side to the other of the afterburner centerline is believed to re- 
sult from a slight misalinement of the centerlines of the diffuser 
centerbody and outer shell. 


Outlet pressure. - Exhaust-nozzle- inlet (afterburner-exit ) total- 

JJ1CDOLU. C J. _L i_C »Z> cllD UJCCliDlU CU. 0,0 OOttOlOli J_JL 1UJ. aiOCXUULllCi i uci-aii 

ratios of 0, 0.040, and 0.059 are shown in figures 6(c) and (d) for the 
extreme afterburner lengths of 30 and 66 inches, respectively. These 
data were obtained at an afterburner- inlet total temperature of 1660° R, 
total pressure of 1270 pounds per square foot absolute, and velocities 
of 520 (fig. 6(c)) and 565 (fig. 6(d)) feet per second. The rake used 
for these surveys was located at the circumferential position shown in 
figure 5(f) . The pressure profile was relatively flat over the range of 
afterburner lengths investigated and over a range of afterburner fuel- 
air ratios from 0 to 0.059. 


Fuel-air-ratio distribution . - As previously mentioned in the sec- 
tion APPARATUS, a fixed-orifice single -manifold fuel system was used for 
this investigation. As a result, the fuel bars were required to operate 
over a fuel-flow range of 10:1 with pressure differentials as low as 
0.3 pound per square inch. A check on the flow characteristics of the 
fuel bars indicated a ±10 percent variation in the fuel-flow rate from 
the highest to the lowest fuel orifice (located at the top and bottom 
of the afterburner, respectively), due to gravity, at a mean fuel-bar 
pressure differential of 2.5 pounds per square inch. Higher pressure 
differentials would reduce this variation in flow from the top to the 
bottom of the afterburner, whereas smaller pressure differentials would 
give larger flow variations. Variations of fuel distribution within the 
afterburner due to gravity of less than ±10 percent (average fuel-bar 
pressure differentials greater than 2.5 lb/sq in.) probably would not 
have a significant effect on afterburner performance, whereas greater 
variations may have an effect. However, there were not enough data ob- 
tained below a fuel-bar pressure differential of 2.5 pounds per square 
inch to establish any definite trends . It should be pointed out that 
the horizontal position of the total-pressure rake located at the noz- 
zle inlet (station ll) may have made the rake insensitive to changes in 
performance resulting from variations in the fuel-air ratio from the 
top to the bottom of the afterburner (at extremely low fuel-bar pressure 
differentials) . 

Typical fuel-air-ratio profiles at the afterburner inlet for an 
afterburner fuel-air ratio of 0.050 are presented in figure 7 for two 
circumferential probe positions (see fig. 5(d)) around the afterburner 
for a fuel-bar pressure differential of about 2.7 pounds per square 
inch. The curves indicate that the radial fuel-air distribution was 
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nearly uniform for both positions. Similar fuel-air-ratio surveys made 
at the end of the investigation indicated that there was essentially no 
change in the fuel- air- ratio distribution. 


[typical Variations in Afterburner Parameters 

In order to show the variations of the afterburner parameters with 
fuel-air ratio and to give an indication of the experimental accuracy of 
the data, typical data plots are presented in figure 8 for several 
afterburner- inlet velocities at an afterburner- inlet total temperature 
of 1660° R and a total pressure of 1270 pounds per square foot absolute 
for an afterburner length of 42 inches . 

The plots of the afterburner variables show the accuracy with which 
afterburner conditions were maintained during a series of runs. For a 
particular combination of afterburner- inlet conditions, the pressure 
and temperature were established within ±1 percent of the desired nominal 
values, whereas the velocity could not be established closer than ±6 per- 
cent. For this reason, cross plotting the afterburner combustion- 
efficiency data against velocity was necessary in order to obtain data 
at comparable velocities . Afterburner combustion efficiency was com- 
puted as described in appendix C, and the estimated accuracy of the com- 
putation (considering the accuracy of the measurement of total pressure, 
gas flow, and the effective flow area of the exhaust-nozzle throat) is 
±5 percent . 

When the desired afterburner conditions became established, data 
were obtained over the range of afterburner fuel-air ratios shown in 
figure 8. The solid symbols in figure 8(c) represent the lean blowout 
points for these afterburner- inlet conditions. Figure 8(d) indicates 
the variation of the exhaust-nozzle flow area required to maintain the 
afterburner-inlet velocity constant as the afterburner fuel-air ratio 
was varied. The limiting nozzle flow area (shown by the long-dashed 
line) is the largest area for which the effective nozzle throat remained 
positioned in the plane of the axis of the exhaust -nozzle butterfly 
valve (see appendix A). Thus, no performance data are presented for 
exhaust -nozzle areas greater than this limiting area. 


RESULTS AND DISCUSSION 

The performance data obtained in this investigation are presented 
first as typical basic data plots and then in the form of summary fig- 
ures and cross plots. 
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Typical Performance Data 

The basic performance data obtained for the same conditions pre- 
sented in figure 8 are shown in figure 9. The performance figures pre- 
sented in the remainder of the report are cross plots of data plots sim- 
ilar* to those presented here . 

A typical plot of the effect of fuel-air ratio on combustion effi- 
ciency is presented in figure 9(a). In general, these curves indicate 
a rapid rise in combustion efficiency as the fuel-air ratio is increased, 
a leveling off from (f/a)^ u of about 0.045 to about 0.067, and, 

finally, another sharp rise at higher-than-stoichiometric fuel-air ra- 
tios. In general, the effect of increasing the afterburner fuel-air 
ratio from 0.045 to 0.067 caused a change of 5 percentage points in com- 
bustion efficiency. These trends were essentially the same for the other 
conditions investigated. 

The sharp rise in these curves at higher-than-stoichiometric fuel- 
air ratios is a characteristic resulting from the definition of combus- 
tion efficiency used in this report (see appendix C). For this reason, 
no additional data at fuel-air ratios above stoichiometric are presented. 
The decrease in combustion-efficiency level as the afterburner- inlet ve- 
locity increased (fig. 9(a)) is typical for all the conditions 
investigated. 

The effect of afterburner fuel- air ratio on combustion temperature 
is presented in figure 9(b). The dashed curve indicates the ideal com- 
bustion temperature which would be attained if the combustion efficiency 
were 100 percent. 

The combustor total-pressure-loss coefficient data are presented 
in figure 9(c) over a range of afterburner fuel-air ratios for several 
afterburner- inlet velocities. Nonafterbum ing or zero-fuel-air-ratio 
data are included for each velocity where possible. The afterburner 
pressure-loss coefficient increased almost linearly with fuel-air ratio 
(increasing combustion temperature) up to stoichiometric. The variation 
in pressure loss reflects the variation in the afterburner momentum pres- 
sure drop with increased combustor temperature. Variations in the pres- 
sure loss with the primary variables are presented in the section Effect 
of Afterburner- Inlet Variables and Afterburner Length on Afterburner 
Total-Pressure-Loss Coefficient. 


Effect of Afterburner -Inlet Variables and Afterburner 
Length on Combustion Efficiency 

In figure 10 constant -velocity surfaces were developed by cross 
plotting data (similar to that presented in fig. 9(a)) at an afterburner 
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fuel-air ratio of 0.055. These surfaces summarize the data and illus- 
trate the individual and interrelated qualitative effects of afterburner- 
inlet total temperature, total pressure, and velocity on combustion 
efficiency. (A discussion of the quantitative effects will be given 
for succeeding figures . ) The boundaries of the surfaces were defined 
by the limits of the test program or the combustion limits of the after- 
burner. As was previously mentioned in the discussion of figure 9(a), 
changing the fuel-air ratio from 0.045 to 0.067 had little effect on 
combustion efficiency; thus, only the data for a fuel-air ratio of 0.055 
are presented in this manner. 

In general, figure 10 indicates that, for the range of variables 
covered and for a particular afterburner combust ion-chamber length and 
fuel-air ratio, a change in any one of the afterburner- inlet variables 
produced changes in combustion efficiency, such that increases in tem- 
perature and pressure and decreases in velocity resulted in increases in 
efficiency. The slopes of these curves decreased as the afterburner- inlet 
conditions became more conducive to efficient combustion, that is, as 
temperature and pressure increased and velocity decreased. One excep- 
tion was the effect of afterburner- inlet velocity on combustion effi- 
ciency for the 30- inch afterburner (fig. 10(a)). In this case, the 
change in efficiency for a change in velocity was essentially constant 
regardless of temperature or pressure . 

Increasing the afterburner length generally had a twofold effect on 
combustion efficiency: The over-all level of efficiency increased, and 

the slope of the efficiency curves (for changes in temperature or pres- 
sure) decreased. The largest increases in efficiency were obtained by 
increasing the length from 30 to 54 inches. Further increases in after- 
burner length produced smaller increases in efficiency. 

Inlet total temperature . - As previously stated, the magnitude of 
the change in combustion efficiency produced by a change in afterburner- 
inlet temperature is dependent on both the inlet pressure and the after- 
burner length for a particular velocity. A typical cross plot showing 
these trends is presented in figure 11. 

For example, changing the afterburner- inlet total temperature from 
1260° to 1860° R with a constant inlet velocity of 400 feet per second 
increased the efficiency 27 'and 23 percentage points when operating the 
30-inch afterburner at total pressures of 750 and 1800 pounds per square 
foot absolute, respectively. When the afterburner length was increased 
to 66 inches, the same change in inlet temperature at the same value of 
inlet velocity increased the efficiency 17 and 4 percentage points at 
pressures of 750 and 1800 pounds per square foot absolute, respectively. 

Inlet total pressure . - Similar to the effect with temperature, the 
magnitude of the change in combustion efficiency with a change in 
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afterburner- inlet total pressure was also found to depend on the level 
of the afterburner- inlet temperature and the afterburner length for a 
particular inlet velocity. A typical cross plot showing these trends 
is presented in figure 12. For example, at an afterburner length of 30 
inches and velocity of 400 feet per second, changing the afterburner- 
inlet total pressure from 750 to 1800 pounds per square foot absolute 
increased the combustion efficiency 19 and 15 percentage points at total 
temperatures of 1260° and 1860° R, respectively. When the afterburner 
length was increased to 66 inches (at a velocity of 400 ft /sec) , the 
same change in pressure increased the efficiency 15 percentage points at 
a total temperature of 1260° R and 4 percentage points at a total tem- 
perature of 1860° R. 


Velocity . - The improvement in afterburner performance (fig. 13) 
with a decrease in afterburner- inlet velocity from 600 to 400 feet per 
second at an afterburner- inlet total temperature of 1860° R was approx- 
imately constant for the 30- inch afterburner. The combustion efficiency 
increased about 5 percentage points. For the 66- inch afterburner the 
improvement depended on whether or not the other inlet conditions were 
conducive to high combustion efficiency. Thus, for a total pressure of 
750 pounds per square foot absolute and a total temperature of 1860° R, 
decreasing the velocity from 600 to 400 feet per second increased the 
efficiency about 9 percentage points; whereas with more favorable condi- 
tions (total temperature, 1860° R; total pressure, 1800 lb/sq ft abs), 
the same change in velocity increased the efficiency by only about 5 
percentage points . 


Afterburner length . - The qualitative effects of afterburner length 
(defined as the axial distance from the trailing edge of the flameholder 
to the effective nozzle throat (see appendix A)) on combustion efficiency 
can be seen by comparing the various parts of figure 10. The quantita- 
tive effects of length on efficiency are illustrated in figure 14, which 
presents cross plots showing these effects for particular combinations 
of inlet conditions for afterburner fuel-air ratios of 0.045, 0.055, and 
0.0676. As pointed out previously, the limits of the data presented in 
figure 14 were determined by either the limits of the test program or the 
combustion limits of the afterburner, which are discussed in the section 
Effect of Afterburner-Inlet Variables and Afterburner Length on Lean 
Blowout Limits . In addition to the effect of afterburner length on effi- 
ciency, the effects of afterburner- inlet temperature, pressure, and ve- 
locity are also shown. The effects of the parameters on combustion 
efficiency at fuel-air ratios of 0,045 and 0.0676 were essentially the 
same as the effects previously presented for a fuel-air ratio of 0.055 
(figs. 11 to 13). 

In general, it is evident from figure 14 that, as afterburner length 
increases, the rate of increase in combustion efficiency decreases. Fur- 
ther, it is evident from figure 10 that, as length increases, the effect 
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of changing temperature and pressure on efficiency decreases, and the 
level of efficiency increases. For example, increasing the pressure 
and temperature from the lowest to the highest values investigated at 
a velocity of 400 feet per second and a fuel-air ratio of 0.055 (figs. 
14(d) to (f)) increased the efficiency of the 30- inch afterburner 39 
percentage points (from 38 to 77 percent), whereas a similar change in 
conditions increased the efficiency of the 66- inch afterburner only 21 
percentage points (from 78 to 99 percent). Increasing the afterburner 
combustion-chamber length from 30 to 66 inches produced large increases 
in combustion efficiency (from a min. increase of 22 percentage points 
to a max. increase of 42 percentage points). Regardless of afterburner- 
inlet conditions, increasing the afterburner length from 30 to 54 inches 
produced the largest part of this increase in combustion efficiency (21 
to 37 percentage points). Further increases in afterburner length pro- 
duced increases in efficiency which, in addition to being somewhat less 
than those for lengths below 54 inches, were also dependent upon the 
afterburner- inlet conditions. This effect is illustrated by the fact 
that, at a constant velocity of 400 feet per second and a fuel-air ratio 
of 0.055, an increase in afterburner length from 54 to 66 inches in- 
creased the combustion efficiency about 11 percentage points at an inlet 
total pressure and total temperature of 750 pounds per square foot and 
1260° R, respectively (fig. 14(d)); -whereas the same change in after- 
burner length increased the efficiency only 1 percentage point at an in- 
let total pressure and total temperature of 1800 pounds per square foot 
and I860 0 R, respectively (fig. 14(f)). 


Effect of Afterburner- Inlet Variables and Afterburner 
Length on Afterburner Total-Pressure-Loss Coefficient 
Cross plots of the effect of afterburner length on afterburner 

P7 " P]_2 

total-pressure-loss coefficient — for afterburner temperature 

P 7 " p 7 

ratios up to 2.8 are shown in figure 15 for afterburner- inlet velocities 
of 400, 500, 550, and 600 feet per second. Afterburner- inlet total 
pressure and total temperature had no measurable effect on the after- 
burner pressure-loss coefficient. Cross plots rather than the original 
data are presented so that comparisons can be made at the same after- 
burner temperature rat ios . 

The cold (nonafterburning) pressure loss at a temperature ratio of 
1.0 is probably largely due to the flameholder rather than to the wall 
friction drag, inasmuch as the loss remained independent of afterburner 
length over the range of lengths from 30 to 66 inches. This cold pres- 
sure loss was also unaffected by changes in velocity from 400 to 600 
feet per second. It should be noted, however, that the scatter in the 
data from which these curves were obtained was about ±0.3 unit of 
pressure-loss coefficient . 
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With afterburning, the total-pressure-loss coefficient changed con- 
siderably with changes in afterburner length and temperature ratio but 
only slightly with changes in velocity. As would be expected, the loss 
coefficient increased as the velocity or the temperature ratio was in- 
creased because of the accompanying increase in momentum pressure drop. 
Afterburner length, on the other hand, had an unusual effect such that 
the pressure-drop coefficient attained a minimum value at an intermedi- 
ate value of afterburner length. In every case at a temperature ratio 
of 1.6, the loss coefficient reached a minimum value at an afterburner 
length of 55 inches. As the temperature ratio and the velocity were in- 
creased, however, there was a decrease in the length at which the 
pressure-loss coefficient reached a minimum, the major effect being that 
of temperature ratio. 


The measured total-pressure loss in the exhaust nozzle P -| j - 

indicated that the increases in pressure-loss coefficient, as afterbur- 
ner length is either increased or decreased from the length for minimum- 
loss coefficient, occurred in the exhaust nozzle. This could possibly 
mean that burning is occurring in the exhaust nozzle as well as in the 
combustion chamber. For the shorter afterburners, burning could occur 
in the exhaust nozzle because there is not sufficient time for complete 
combustion within the combustion chamber. For the longer afterburners, 
where the greatest increases in pressure-loss coefficient occur at high 
temperature ratios (high afterburner fuel- air ratios), there may be re- 
gions in the gas mixture which are too rich to burn in the combustion 
chamber. In longer afterburners, however, these over-rich regions may 
become sufficiently mixed with air to permit burning of the mixture as 
it passes through the exhaust nozzle. Since the velocities in the ex- 
haust nozzle are quite high (up to a Mach number of 1 at the throat), 
any afterburning occurring in the nozzle would result in a higher-than- 
normal momentum pressure drop. 


Computations indicated that the increases in afterburner pressure 
loss resulting from increases in temperature ratio can be accounted for 
in terms of increased momentum pressure drop. The symbols in figure 15 
at the points of minimum- loss coefficient represent an attempt to check 
the data with the theory. These points were determined by computing 
the momentum pressure drop (ref. 12) for each temperature ratio and add- 
ing it to the measured cold (nonafterb timing) pressure loss. The com- 
parison was made at approximately the minimum- loss-coeff icient length, 
because the method of calculation (ref. 12) does not account for after- 
burning through the nozzle. However, a reasonably good check between 
the theory and the data was obtained. 
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Effect of Afterburner- Inlet Variables and Afterburner 
Length on Lean Blowout Limits 

Regions of afterburner operation are presented in figure 16 in 
terms of afterburner- inlet velocity and afterburner fuel-air ratio for 
afterburner lengths of 30, 42, 54, and 66 inches over a range of 
afterburner- inlet total temperatures and total pressures. The solid 
symbols represent the lean blowout limits of operation; and the tailed 
symbols indicate the conditions limited by the maximum exhaust -nozzle 
area, which was reached before rich blowout occurred. The conditions 
limited by minimum-exhaust-nozzle-area limits and rich blowout points 
are labeled on this figure. For conditions where rich blowout or 
maximum-nozzle-area limits were not encountered, data were obtained up 
to an afterburner fuel-air ratio of 0.08. This fuel-air-ratio limit is 
marked by open symbols . 

Total temperature . - In general, higher afterburner- inlet temper- 
atures reduced the lean blowout fuel-air ratio, with the greatest reduc- 
tion occurring at low afterburner- inlet pressures. For instance, in- 
creasing the afterburner- inlet temperature from 1260° to 1860° R reduced 
the lean blowout fuel-air ratio as much as 0.017 (from 0.051 to 0.034) 
for a low afterburner- inlet pressure (750 lb/sq ft abs) and an after- 
burner length of 42 inches at a velocity of 500 feet per second (fig. 
16(b)). For the same velocity and increase in temperature, the lean 
blowout fuel -air ratio changed as little as 0.008 (from 0.035 to 0.027) 
at a high pressure (1800 lb/sq ft abs) and an afterburner length of 42 
inches (fig. 16(b)). These trends are similar for all lengths and after- 
burner conditions investigated. 

Total pressure . - Similar to the effect of increasing the temper- 
ature, increasing the afterburner- inlet pressure for the conditions in- 
vestigated tended to decrease the lean blowout fuel-air ratio. (One ex- 
ception occurred at a total temperature of 1860° R for the 66- in. after- 
burner.) A typical change in lean blowout fuel-air ratio (from 0.033 to 
0.026) occurred for the 30- inch afterburner when the pressure was 
changed from 750 to 1270 pounds per square foot absolute at an 
afterburner- inl et total temperature of 1860° R and a velocity of 500 feet 
per second (fig. 16(a)). A further increase in total pressure from 
1270 to 1800 pounds per square foot absolute had practically no effect 
on lean blowout fuel-air ratio for these conditions. 

Velocity . - The effect of changing the inlet velocity on the lean 
blowout fuel-air ratio was found to be dependent on the initial level 
of velocity for most afterburner- inlet conditions. For example, chang- 
ing the velocity from 400 to 500 feet per second increased the lean blow- 
out fuel-air ratio as little as 0.002 (from 0.031 to 0.033) for a typical 
condition (fig. 16(d)). Further increases in velocity (from 500 to 600 
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ft/sec), however, increased the lean blowout fuel-air ratio as much as 
0.004 (from 0.033 to 0.037) at the same afterburner- inlet pressure and 
temperature. For some afterburner- inlet conditions, the effect of 
afterburner- inlet velocity on lean blowout fuel-air ratio was greater 
than in the example just given, while for other conditions the effect 
was negligible. 

Afterburner length . - The lean blowout data presented in figure 16 
are cross-plotted in figure 17 to show the effect of afterburner length 
on lean blowout limits. For most cases, the lean blowout fuel-air ratio 
tended to increase as the afterburner length was increased; this effect is 
greatest at a temperature of 1260° R and a pressure of 1270 pounds per 
square foot absolute. For the other inlet conditions investigated, o nly 
small increases in lean blowout fuel-air ratio occurred as the after- 
burner length was increased. 


Effect of Afterburner-Inlet Variables and Afterburner 
Length on Combustion Instabilities 

Regions of combustion instabilities are presented in figure 18 in 
terms of afterburner- inlet velocity and afterburner fuel-air ratio for 
afterburner lengths of 30, 42, 54, and 66 inches over a range of 
afterburner- inlet total, temperatures and total pressures. 

Two types of combustion instabilities were encountered: (l) low- 

frequency combustion instabilities (defined as frequencies from 10 to 
300 cps), and (2) high-frequency conibustion instabilities (defined as 
frequencies from 800 to 3000 cps). The high-frequency combustion insta- 
bilities (commonly called screech) were characterized by high-frequency 
pressure oscillations in the combustion zone and were detected by the 
special instrumentation described in the section APPARATUS (fig. 5(e)). 
As mentioned previously, the very-low-frequency combustion instabilities 
(including buzz and rumble) were detected visually by the fluctuations 
in the afterburner combust ion -chamber pressures as evidenced on the 
manometer boards and audibly by the facility operator. 

Inasmuch as no inner liner or screech suppressor was used in this 
program, combustion instabilities were encountered more frequently with 
this afterburner than with an afterburner having a screech-suppressing 
liner . 

The open symbols in figure 18 represent low-frequency combustion 
instabilities, while the solid symbols indicate high-frequency combus- 
tion instabilities. The tailed symbols indicate lean blowout. Horizon- 
tal lines connecting the data points indicate that the instability was 
encountered over the range of fuel-air ratios covered by the line. 
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Low-frequency combustion instabilities occurred more frequently as 
the afterburner- inlet total pressure was increased and the afterburner 
length was decreased; no low-frequency instabilities were encountered 
with the 66-inch afterburner. Generally, the regions of low-frequency 
instabilities occurred at extremely rich fuel-air ratios and at fuel-air 
ratios near lean blowout . 

For high afterburner- inlet total pressures a transition occurred 
from low-frequency to high-frequency combustion instabilities as the 
afterburner length was increased. High-frequency combustion instabil- 
ities were encountered more frequently as the afterburner combustion- 
chamber length and afterburner- inlet pressure were increased and were 
absent entirely with an afterburner combustion-chamber length of 30 
inches. As previously noted for low-frequency instabilities, the high- 
frequency instabilities also were encountered at high afterburner fuel- 
air ratios and at fuel-air ratios near lean blowout. The transition 
from stable to unstable combustion was very gradual inasmuch as the 
afterburner fuel-flow rate was usually changed quite slowly. The gen- 
eral observation was made that, in unstable regions and at high after- 
burner fuel-air ratios, the severity of the instability increased as 
the fuel-air ratio increased. 

High-frequency instabilities, in general, did not greatly affect 
efficiency. This was probably due to the fact that, under most condi- 
tions (i.e., afterburner lengths above 42 in. and afterburner- inlet 
total pressures above 1270 lb/sq ft abs) where these high-frequency 
instabilities were encountered, the afterburner was already operating 
at a high efficiency level. A negligible effect of high-frequency com- 
bustion instabilities on efficiency is also observed in reference 11. 


SUMMARY OF RESULTS 

A typical present-day full-scale high-performance afterburner was 
investigated in a duct test rig to determine the effects of afterburner- 
inlet total temperature, total pressure, velocity, and fuel-air ratio, 
and afterburner combustion-chamber length on combustion efficiency, aft- 
erburner total-pressure -loss coefficient, combustion instabilities, and 
lean blowout limits . 

In general, for a given afterburner combust ion- chamber length, fuel- 
air ratio, and for the range of variables covered, a change in any one 
of the afterburner- inlet parameters produced a corresponding change in 
combustion efficiency. The magnitude of the change in efficiency de- 
creased as the afterburner- inlet conditions became more favorable to 
efficient combustion (i.e., high temperature, high pressure, and low 
velocity). One exception to this was the effect of afterburner- inlet 
velocity on the performance of the 30- inch- long combustion chamber. 
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For this case, the change in combustion efficiency for a change in 
afterburner- inlet velocity was essentially the same regardless of tem- 
perature or pressure. 

Changing the afterburner- inlet total temperature from 1260° to 
1860° R increased the efficiency as little as 4 and as much as 27 per- 
centage points. The variation in efficiency produced by changing pres- 
sure and velocity was somewhat less than that for changes in temperature 
but still significant for the range of conditions investigated. 

Increasing the afterburner combustion-chamber length had a twofold 
effect on combustion efficiency: (l) The over-all level of combustion 

efficiency increased, and (2) the slopes of the efficiency curves (for 
changes in temperature or pressure) decreased. Increasing the after- 
burner combustion-chamber length from 30 to 66 inches produced large in- 
creases in combustion efficiency (from a min. increase of 22 percentage 
points to a max. increase of 42 percentage points). The greatest part 
of this increase was obtained by increasing the combustion-chamber length 
from 30 to 54 inches; further increases produced relatively small in- 
creases in efficiency. 

At the higher fuel-air ratios, performance was relatively insensi- 
tive to fuel-air ratio. In general, the effect of increasing the after- 
burner fuel-air ratio from 0.045 to 0.067 caused a change of 5 percent- 
age points in combustion efficiency. 

At an afterburner temperature ratio of 1.6, the afterburner total- 
pressure-loss coefficient reached a minimum at an afterburner combustion- 
chamber length of 55 inches. As the temperature ratio and velocity were 
increased, there was a decrease in the length at which the pressure-loss 
coefficient reached a minimum, the major effect being that of temperature 
ratio. Afterburner- inlet total temperature and total pressure had no 
measurable effect on the pressure-loss coefficient . Good agreement be- 
tween experimental minimum- loss coefficient and calculated momentum pres- 
sure losses was obtained. 

Increasing the afterburner- inlet total temperature from 1260° to 
1860° R reduced the lean blowout fuel-air ratio 0.017 (from 0.051 
to 0.034) at a total pressure of 750 pounds per square foot absolute. 

On the other hand, at a total pressure of 1800 pounds per square foot 
absolute, this change in temperature changed the lean blowout fuel-air 
ratio only about 0.008 (from 0.037 to 0.027). 

Similar to the effect of increasing the tenperature , increasing the 
afterburner- inlet total pressure tended to decrease the lean blowout 
fuel-air ratio. (One exception occurred at a total temperature of 
1860° R for an afterburner combustion-chamber length of 66 in.) In- 
creasing the afterburner- inlet velocity or the afterburner length in- 
creased the lean blowout fuel-air ratio for most conditions investigated. 
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High-frequency combustion instabilities were encountered more fre- 
quently as the afterburner combustion-chamber length and afterburner- 
inlet pressure were increased and were absent entirely with an after- 
burner combustion-chamber length of 30 inches. Low-frequency combustion 
instabilities occurred more frequently as afterburner- inlet total, pres- 
sure was increased and the length was decreased and were absent entirely 
with an afterburner combustion-chamber length of 66 inches. 


Lewis Flight Propulsion Laboratory 

National Advisory Committee for Aeronautics 
Cleveland, Ohio, March 12, 1957 
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APPENDIX A 


VARIABLE-AREA EXHAUST N OZZLE 


The variable-area nozzle used in this investigation was a water- 
cooled butterfly valve Installed in the end of a cylindrical afterburner. 
By rotating the valve , the flow area of the exhaust -nozzle throat could 
be varied from approximately 1.77 to 3.32 sq uar e feet. A calibration of 
nozzle effective flow area was obtained from the measured total temper- 
ature, total pressure, and gas flow over a range of nozzle pressure ra- 
tios up to 3.5 and gas total temperatures from 1260° to 1860° R. For 
the range of temperatures covered, there was no change in the effective 
flow area of the exhaust-nozzle throat with temperature . For temper- 
atures above I860 0 R, it was assumed that the flow area was independent 
of temperature. This flow calibration was used in the computation of 
the afterburning combustion temperature. 


The position of the nozzle throat, determined from measurements of 
wall static pressures along the nozzle spool piece, varied with increas- 
ing nozzle area from the positions shown successively in figure 19. The 
condition shown in figure 19(a) existed for the fully closed butterfly 
valve to an intermediate open position. Further opening of the valve 
caused the effective nozzle throat to assume the position indicated in 
figure 19(b). Full opening caused the effective nozzle throat to move 
to the downstream position shown in figure 19(c). 


In order to maintain the condition shown in figure 19(a), it was 
necessary to limit the effective exhaust-nozzle-throat area to about 
3.05 square feet. Data are presented herein only for the case in which 
the effective throat area is located as shown in figure 19(a). For this 
condition, the average position of the throat was assumed to be at the 
shaft. For cases where burning occurred between stations 11 and 12, the 
pressure loss due to the burning was determined by the difference in 
pressure between the single water-cooled total-pressure probe installed 
at station 12 and a probe on the rake at station 11 at the same immersion 
depth: 


^12, av ^ll,av| 


^12 (single probe) 
'll (single probe) 


When there was no burning in the nozzle, there was no measurable pres- 
sure difference between the individual pressure probes at stations 11 
and 12 . 
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appendix b 

SYMBOL 

A exhaust -nozzle -throat area, sq ft 

f/a fuel-air ratio 

g acceleration due to gravity, 32.17 ft/sec^ 

m mass flow, slugs/sec 

P total pressure, lb/sq ft ahs 

p static pressure, Ib/sq ft abs 

R gas constant, 53.35 ft-lb/(lb) (°R) 

T total temperature , °R 

V velocity, ft/sec 

w weight flow, lb/sec 

T) combustion efficiency 

Subscripts: 

AB afterburner 

a air 

av average 

eff effective 

f fuel 

g gas 

id ideal 

o over all 

p preheater 

st stoichiometric 
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u available air 

3 upstream of airflow measuring screen, mixing- chamber outlet 

4 diffuser inlet 

5 spray-bar inlet 

fnol -? r» ■? rvn 

7 afterburner inlet, diffuser exit 

8 downstream of flameholder 

11 exhaust-nozzle inlet, afterburner exit 


12 


effective exhaust-nozzle exit 
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APPENDIX C 

METHODS OF CALCULATION 
Air Flow 

The air flow was determined, from the measured pressure drop across 
the diffuser- inlet screen calibrated against a series of fixed-area ex- 
haust nozzles of known flow coefficient. 


Gas Flow 

The afterburner gas flow is the sum of the measured air and fuel 
flows : 


w g = w a + w f,p + w f,AB 


Afterburner- Inlet Velocity 

The velocity at the diffuser exit (afterburner inlet) was computed 
from measured total and static pressures and the total temperature by 
use of the one-dimensional-flow parameters , which are a function of 
total- to static -pres sure ratio, of reference 13: 

v 7“(t1s) 7 ^ 

For this calculation it was assumed that T^ = Ty. 


Fuel-Air Ratio 

The method employed for computing fuel-air ratio is similar to the 
method of reference 5. The fuel-air ratios used are defined as follows 


w. 


Preheater fuel-air ratio (f/a)^ = 




w„ 


w 


f ,AB 
v a 


Afterburner total fuel-air ratio (f/a)^g = 
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v f + v f h 

Over-all fuel-air ratio (f/a) Q = — “■ 2 — 


w„ 


Afterburner available air (f/a) 


AB,u 


Total unbumed fuel to afterburner 
Total available air 


_ v f,AB + ( w f,p ~ w f,p,id) 


w - 

a Wa)^ 


where (w„ - w „ is the fuel not burned in the preheater and 

charged to the afterburner, and — is the air reacted in the pre- 

W a 'st 

heater. Dividing the numerator and denominator of the previous equation 
by w a gives 

, t f / a )m + ( f /a)p - ( f / a )p,id 

(f / a) AB,u If/al 

, v 1 'p^id 

0.0676 

where 0.0676 is the stoichiometric fuel-air ratio for the fuel used. 

But, since 


then 


(f/a)A 3 + (f/a) p = (f/a) Q 


C f / a )AB,u 


( f /a ) 0 " ( f / a )p,id 

T nr 

0.0676 


The ideal preheater fuel-air ratio (f/a)^ ^ is obtained from 
reference 14. 


Combustion Temperature 


The total temperature of the exhaust gas was computed from the ef- 
fective area of the exhaust-nozzle throat, measured nozzle-exit total 
pressure, measured gas flow, and the fact that the exhaust nozzle was 
choked : 


T 
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“•HPL 

ical flow at the 


is the dimensionless total-pressure parameter for crit- 
exhaust nozzle (ref. 13). 


Afterburner Combustion Efficiency 


The afterburner combustion efficiency was defined as the ratio of 
the actual afterburner temperature rise to the theoretical afterburner 
temperature rise: 


T 


^AB “ T 


12 


12, id 



Values of T, „ were obtained by the method of reference 14. For 

Xu y IQ, 

afterburner fuel-air ratios below stoichiometric, the efficiency com- 
puted using this definition agrees favorably with the efficiency com- 
puted using other definitions of combustion efficiency currently in use. 
For afterburner fuel-air ratios higher than stoichiometric, this defini- 
tion may give efficiencies approaching 100 percent or greater, because 
the ideal temperature decreases for afterburner fuel-air ratios higher 
than stoichiometric while the actual afterburner temperature may con- 
tinue to increase (see fig. 9(b)). 
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(a) Test rig. 

Figure 1. - Schematic diagram of simulated afterburner test rig and afterburner. 
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(b) Photograph looking downstream 


Concluded. Variable-area exhaust nozzle 
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O Total-pressure probe 


90° 



Figure 5. - Schematic diagrams of instrumentation stations viewed looking 
downstream. (All dimensions in inches except where noted.) 
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O Total-pressure probe 
0 Stream static -pres sure probe 
^ Wall static-pressure tap 
S Fuel-air-ratio probe 
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O Total-pressure probe 



Figure 5. - Continued. Schematic diagrams of instrumentation 
stations viewed looking downstream. (All dimensions in 
inches except where noted.) 
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O Total-pressure probe 
0 Wall static -pressure tap 
X Wall thermocouple 



Figure 5. - Concluded. Schematic diagrams of instrumentation stations 
viewed looking downstream. (All dimensions in inches except where 


Afterburner- inlet gas total temperature 
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(b) Afterburner- inlet velocity. 

Figure 6. - Continued. Topical profiles for nominal afterburner- inlet pressure of 1270 pounds per square foot absolute 
and temperature of 1660° R. 



Afterburner fuel- 
air ratio , 
(f/a’i 

' ' ' /\ T3 


0 ( Nonafterburning) 

.040 (Afterburning) 
.059 (Afterburning) 


RadiusS in. j . 

(c) Nozzle-inlet total pressure; afterburner- inlet velocity, 520 feet per second; afterburner combustion-chamber 
length, 30 inches. 

Figure 6. - Continued. Typical profiles for nominal afterburner- inlet pressure of 1270 pounds per square foot absolute 
and temperature of 1660° R. 





(d) Nozzle-inlet total pressure; afterburner- inlet velocity, 565 feet per second; afterburner combustion- chamber 
length, 66 inches. 


Figure 6. - Concluded. Typical profiles for nominal afterburner- inlet pressure of 1270 pounds per square foot absolute 
and temperature of 1660° B. 
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Circumferential probe position, 
(see fig. 5(d)), 
deg 


157 (Between spray bars) 
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Figure 7. Typical radial fuel-air-ratio profiles for two circumferential probe 
positions at afterburner inlet. Afterburner fuel-air ratio, 0.050; 
afterburner- inlet total temperature, 1710° R; afterburner-inlet total 
pressure, 1430 pounds per square foot absolute; afterburner- inlet velocity, 
550 feet per second. 
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(b) Afterburner-inlet total pressure. 

Trimire 8 Typical variations of afterburner conditions in 42-inch-long afterburner for range of velocities. Afterburner 
?riet totaf?Lperature , 1660° R; afterburner- inlet total pressure, 1270 pounds per square foot absolute. 
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(c) Afterburner -inlet velocity and lean blowouts. 

Figure 8. - Continued, Typical variations of afterburner conditions in 42-inch-long afterburner for range of velocities 
Afterburner- inlet total temperature, 1660° R; afterburner -inlet total pressure, 1270 pounds per square foot absolute. 
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Figure 8. - Concluded. Typical variations of afterburner conditions in 42-inch-long afterburner for range of velocities. 
Afterburner-inlet total temperature, 1660° R; afterburner- inlet total pressure, 1270 pounds per square foot absolute. 
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(a) Combustion efficiency. 

Figure 9. - Typical performance characteristics of 42-inch-long afte: 
burner. Afterburner -inlet total temperature , 1660° R; afterburner 
inlet total pressure, 1270 pounds per square foot absolute. 
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(a) Afterburner combustion-chamber length, 30 inches. 

Figure 10. - Isometric figures showing combined effects of afterburner -inlet variables on combustion 
efficiency. Afterburner fuel-air ratio, 0.055. 
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(c) Afterburner combustion-chamber length, 54 inches. 

Figure 10. - Continued. Isometric figures showing combined effects of afterburner-inlet variables 
on combustion efficiency. Afterburner fuel-air ratio, 0.055. 
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Figure 10. - Concluded. Isometric figures showing combined effects of afterburner- inlet variables 
on combustion efficiency. Afterburner fuel-air ratio, 0.055. 6 variables 
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(b) Afterburner combustion-chamber length, 66 inches. 

Figure 11. - Effect of afterburner- inlet total tempera- 
ture on combustion efficiency for extreme values of 
afterburner -inlet total pressure, afterburner -inlet 
velocity, and afterburner length. Afterburner fuel- 
air ratio, 0.055; Py, afterburner- inlet total pressure 
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(b) Afterburner combustion- chamber length, 66 inches. 

Figure 12. - Effect of afterburner- inlet total pressure on combustion efficiency fo: 
extreme values of afterburner- inlet total temperature, afterburner- inlet velocity 
and afterburner length. Afterburner fuel-air ratio, 0.055; T 5 , afterburner -inlet 
total temperature. 
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(b) Afterburner combustion-chamber length, 66 inches. 

Figure 13. - Effect of afterburner- inlet velocity on combustion 
efficiency for extreme values of afterburner -inlet total temper 
ature, afterburner- inlet total pressure, and afterburner length 
Afterburner fuel-air ratio, 0.055; P y , afterburner-inlet total 
pressure. 
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T 5 = 1660° RE 


Afterburner combustion-chamber length, in. 

(a) Afterburner fuel-air ratio, 0.045; afterburner- inlet total pressure, 750 
pounds per square foot absolute. 


Figure 14. - Effect of afterburner combustion- chamber length on combustion effi 
ciency for several afterburner-inlet velocities. T 5 , afterburner -inlet total 
temperature . 
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T 5 = 1860° R 


(d) Afterburner fuel-air ratio, 0.055; afterburner -inlet total pressure, 750 
pounds per square foot absolute. 

Figure 14. - Continued. Effect of afterburner combustion- chamber length on com- 
bustion efficiency for several afterburner -inlet velocities. T5, afterburner- 
inlet total temperature. 
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Afterburner combustion- chamber length, in. 


(e) Afterburner fuel-air ratio, 0.055; afterburner -inlet total pressure, 1270 
pounds per square foot absolute. 


Figure 14. - Continued. Effect of afterburner combust ion-chamber length on com 
bustion efficiency for several afterburner- inlet velocities. T 5 , afterburner 
inlet total temperature. 
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(f) Afterburner fuel-air ratio, 0.055$ afterburner- inlet total pressure, 1800 
pounds per square foot absolute. 

Figure 14. - Continued. Effect of afterburner combustion- chamber length on com- 
bustion efficiency for several afterburner- inlet velocities. T 5 , afterburner- 
inlet total temperature . 
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Afterburner combustion-chamber length, in. 

(g) Afterburner fuel-air ratio, 0.0676; afterburner-inlet total pressure, 750 
pounds per square foot absolute. 

Figure 14. - Continued. Effect of afterburner combustion-chamber length on com- 
bustion efficiency for several afterburner-inlet velocities. T 5 , afterburner- 
inlet total temperature. 
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Afterburner combust ion- chamber length, m. 

(h) Afterburner fuel-air ratio, 0.0676; afterburner -inlet total pressure, 1270 
pounds per square foot absolute. 

Figure 14. - Continued. Effect of afterburner combust ion -chamber length on com 
bustion efficiency for several afterburner -inlet velocities. T 5 , afterburner 
inlet total temperature. 
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Figure 14. - Concluded. Effect of afterburner ccanbustion-chamber length on com- 
bustion efficiency for several afterburner-inlet velocities. T s , afterburner- 
inlet total temperature. 3 
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(a) Afterburner-inlet (b) Afterburner- inlet 
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(c) Afterburner- inlet (d) Afterburner -inlet 
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Figure 15. - Effect of afterburner combust ion- chamber 
length on afterburner pressure-loss coefficient for 
several values of afterburner- inlet velocity and 
temperature ratio. 
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Figure 16. - Regions of afterburner operation at several afterburner 
total temperatures and total pressures for afterburners of various 
lengths. P ? , afterburner -inlet total pressure. 
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Figure 16. - Continued. Regions of afterburner operation at several afterburner- 
inlet total temperatures and total pressures for afterburners of various 
lengths. P 7 , afterburner- inlet total pressure. 
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Fuel-air ratio, (f/a) 


(d) Afterburner combust ion- chamber length, 66 inches. 

Figure 16. - Concluded. Regions of afterburner operation at several afterburner - 
inlet total temperatures and total pressures for afterburners of various 
lengths. P 7 , afterburner- inlet total pressure. 
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(a) Afterburner- inlet total pressure > 750 pounds per square 
foot absolute. 

Figure 17 . - Effect of afterburner combustion-chamber length 
on lean blowout limits. Tg, afterburner- inlet total 
temperature. 
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Afterburner combustion-chamber length, in. 

(b) Afterburner- inlet total pressure, 1270 pounds per square 
foot absolute. 

Figure 17. - Continued. Effect of afterburner combustion- 
chamber length on lean blowout limits. T5 , afterburner- 
inlet total temperature . 
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(c) Afterburner -inlet total pressure, 1800 pounds per square 
foot absolute. 

Figure 17. - Concluded. Effect of afterburner combustion- 
chamber length on lean blowout limits. T 5 , afterburner- 
inlet total temperature . 
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(b) Afterburner combustion-chamber length, 42 inches. 

Figure 18. - Continued. Regions of combustion instabilities at several 
afterburner- inlet total temperatures and pressures. P , afterburner- 
inlet total pressure. ' 
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(c) Afterburner combustion-chamber length, 54 inches. 

Figure 18. - Continued. Regions of combustion instabilities 
at several afterburner- inlet total temperatures and pres- 
sures. P 7 , afterburner-inlet total pressure. 
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(d) Afterburner combustion-chamber length, 66 inches. 

Figure 18. - Concluded. Regions of combustion instabilities at 
several afterburner- inlet total temperatures and pressures. 
Py, afterburner- inlet total pressure. 















